H + /organic cation antiporters (multidrug and toxin extrusion: MATE1 and MATE2-K) play important roles in the renal tubular secretion of cationic drugs. We have recently identified a regulatory single nucleotide polymorphism (SNP) of the MATE1 gene (À32G4A). There is no other information about SNPs of the MATE gene. In this study, we evaluated the functional significance of genetic polymorphisms in MATE1 and MATE2-K. We sequenced all exons of MATE1 and MATE2-K genes in 89 Japanese subjects and identified coding SNPs (cSNPs) encoding MATE1 (V10L, G64D, A310V, D328A and N474S) and MATE2-K (K64N and G211V). All the variants except for MATE1 V10L showed significant decrease in transport activity. In particular, MATE1 G64D and MATE2-K G211V variants completely lost transport activities. When membrane expression level was evaluated by cell surface biotinylation, those of MATE1 (G64D and D328A) and MATE2-K (K64N and G211V) were significantly decreased compared with that of wild type. These findings suggested that the loss of transport activities of the MATE1 G64D and MATE2-K G211V variants were due to the alteration of protein expression in cell surface membranes. This is the first demonstration of functional impairment of the MATE family induced by cSNPs.
INTRODUCTION
In the proximal tubules of the mammalian kidney, organic ion transporters limit or prevent the toxicity of organic anions and cations by actively secreting these substances from the circulation into the urine. 1-4 Among human organic ion transporters located at the basolateral membranes, organic cation transporter 2 (OCT2), organic anion transporter 1 (OAT1) and OAT3 were isolated a decade ago, and have been well characterized as key transporters to regulate the renal handling of ionic drugs. 4, 5 In contrast, the molecular functions of apical transporters have been only recently characterized. For example, multidrug resistance-associated protein 4 (MRP4) was demonstrated to be responsible for the renal elimination of antiviral drugs, 6 diuretics 7 and cephalosporin antibiotics. 8 Human orthologs of the multidrug and toxin extrusion (MATE) family, members of which confer multidrug resistance on bacteria, were identified most recently, 9, 10 and named MATE1 (SLC47A1) and MATE2-K (SLC47A2). Both transporters are expressed mainly in the renal brush border membranes, and are able to transport tetraethylammonium (TEA) utilizing an oppositely directed H + gradient as a driving force, 11 indicating that MATE1 and MATE2-K are H + /organic cation antiporters. These findings have improved the molecular understanding of the transcellular transport of ionic drugs in the renal tubules.
It is widely recognized that there is a large variation in the responses to drugs among individuals. Many enzymes involved in drug metabolism, such as cytochrome P450 and uridine diphosphate-glucuronosyltransferase are known to be polymorphic and have been associated with variations in blood concentrations of drugs. 12 In addition to drug-metabolizing enzymes, the clinical significance of genetic variation of drug transporters has been demonstrated. 13 For example, polymorphisms of SLCO1B1, which encodes the organic anion transporting polypeptide 1B1 to mediate the hepatic uptake of pravastatin, contribute to the interindividual variability in the disposition of pravastatin. 14 Recent studies of OCT have demonstrated that polymorphisms of the OCT1 gene in Caucasians and the renal OCT2 gene in Koreans are responsible for the interindividual differences in the therapeutic efficacy and pharmacokinetics of metformin, an anti-diabetic agent. [15] [16] [17] Metformin showed large interindividual variation in renal clearance, and a potential genetic contribution by the renal transporter was speculated. 18 Because metformin is also a superior substrate for MATE1 and MATE2-K, 10, 19 polymorphisms of MATE1 and MATE2-K genes may be involved in the interindividual difference in the renal clearance. We have recently identified a single nucleotide polymorphism (SNP) in the promoter region of MATE1 (À32G4A), which causes a decrease in Sp1 binding and promoter activity of approximately 50%. 20 However, other genetic information for these transporters, especially the polymorphisms in the coding region, and their effect on functional properties, have not been well evaluated. In this study, therefore, we screened for polymorphisms in all exons of MATE1 and MATE2-K genes, and examined their transport activities by in vitro transient expression system. 
MATERIALS AND METHODS Materials

Identification of SNPs of MATE1 and MATE2-K genes
Genomic DNA was isolated from peripheral blood from 89 Japanese subjects with renal diseases using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). Genotyping was investigated by direct sequencing. PCR primers were designed to span all 17 exons of MATE1 and MATE2-K (GenBank accession number NT_010718) ( Table 1 ). The PCR conditions were 94 1C for 3 min, followed by 40 cycles of 94 1C for 30 s, 60 1C for 30 s and 72 1C for 30 s, and then a final extension at 72 1C for 10 min, except for MATE1 exon 1. The condition for MATE1 exon 1 was 94 1C for 1 min, followed by 35 cycles of 94 1C for 30 s and 68 1C for 3 min, and then a final extension at 68 1C for 3 min. The PCR products were sequenced using a multicapillary DNA sequencer RISA384 system (Shimadzu, Kyoto, Japan). This study was conducted in accordance with the Declaration of Helsinki and its amendments and was approved by the Ethics Committee of Kyoto University Graduate School and Faculty of Medicine. All subjects gave their written informed consents.
Construction of non-synonymous variants of MATE1 and MATE2-K MATE1 and MATE2-K cDNA were excised from MATE1/pcDNA3.1 and MATE2-K/pcDNA3.1, 10 and were subcloned into pcDNA3.1/nV5-DEST (Invitrogen, Carsbad, CA, USA) to yield nV5-MATE1 and nV5-MATE2-K. Nonsynonymous variants were constructed by the site-directed mutagenesis of nV5-MATE1 and nV5-MATE2-K, using a QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with the primers listed in Table 2 . The nucleotide sequences of these constructs were confirmed using a multicapillary DNA sequencer RISA384 system (Shimadzu). 
Transport studies
Cell surface biotinylation
Cell surface biotinylation was performed according to our earlier methods 22 with some modifications. HEK293 cells were grown on poly-D-lysine-coated 12-well plates and transfected with MATE1 or MATE2-K cDNA plasmids (50 ng for MATE1 and 200 ng for MATE2-K). At 48 h after the transfection, cells were washed three times with 1 ml ice-cold phosphate-buffered saline with Ca and Mg (138 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 9.6mM Na 2 HPO 4 , 1mM MgCl 2 and 0.1 mM CaCl 2 , pH 7.3) and then treated with 400 ml of membrane-impermeable biotinylating agent, sulfo-NHS-SS-biotin (Pierce, Rockford, IL, USA) (1.5 mg ml À1 ) at 4 1C for 1 h. Subsequently, the cells were washed three times with 1 ml ice-cold phosphate-buffered saline with Ca and Mg containing 100 mM glycine and then incubated for 20 min at 4 1C with the same buffer to remove the remaining labeling agent. After being washed with phosphate-buffered saline with Ca and Mg, cells were disrupted with 400 ml of lysis buffer (10 mM Tris-base, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100 and 1% protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), pH 7.4) at 4 1C for 1 h with constant agitation. Following centrifugation, 50 ml of streptavidin agarose beads (Pierce) was added to 300 ml of cell lysate and incubated for 1h at room temperature to isolate the biotinylated membrane proteins.
Western blot analysis and quantification of band density
Isolated biotinylated membrane proteins were subjected to western blot analysis according to NuPAGE manufacturer's instructions (Invitrogen). Monoclonal anti-V5 antibody (Invitrogen) (1:2500 dilution) or Na + /K + -ATPase antibody (1:10 000 dilution; Upstate Biotechnology, Lake Placid, NY, USA) was used as the primary antibody. A peroxidase-conjugated anti-mouse IgG antibody was used for the detection of bound antibodies, and the blots were visualized by chemiluminescence on X-ray film. Quantification of band density was performed on scanned images using ImageJ, a public domain image-processing program (W Rasband, National Institute of Mental Health, Bethesda, MD, USA). The optical density of each lane was plotted, and the area under the curve was measured.
Statistical analysis
Kinetic parameter data were statistically analyzed with unpaired t-test compared with the values for the wild type. The other experimental data were statistically analyzed with the one-way analysis of variance followed by Dunnett's test. cSNP of the MATE family M Kajiwara et al
RESULTS
Identification of MATE1 and MATE2-K SNPs
All 17 exons of the MATE1 and MATE2-K genes were sequenced to find SNPs in 89 Japanese subjects. In this study, eight MATE1 SNPs and five MATE2-K SNPs were identified in the coding region (Table 3 ). The allelic frequencies for the non-synonymous SNPs ranged from 0.6 to 2.2%. Figure 1 shows the position of mutated amino-acid residues in the predicted secondary structure of MATE1 (a) and MATE2-K (b), respectively. Only Ala310 was localized in the transmembrane domain (TMD), and other amino-acid residues are located at the intra-or extracellular domains.
Transport studies of the MATE1 and MATE2-K variants
To assess the functional alterations caused by the non-synonymous SNPs of both genes, [ 14 C]TEA transport activity by the variants was evaluated by in vitro transient expression system. As shown in Figure 2a , (Figures 3a and b) .
Cell surface expression levels of the MATE1 and MATE2-K variants
To determine whether the reduced transport activity of these variants was due to the decreased expression of transporter proteins in the plasma membranes, cell surface biotinylation followed by western blot analysis was carried out. Among the MATE1 variants, the cell surface expression level of MATE1 G64D and D328A showed a decrease to approximately 10 and 20% compared with that of the wild-type MATE1 (Figure 4) , which are well correlated with the reduction ratios of the transport activity for these variants (Figures 2a and b) . Other MATE1 variants exhibited similar cell surface expression level with wild-type MATE1. In the MATE2-K, both the MATE2-K K64N and MATE2-K G211V variants showed a decrease to approximately 50 and 1% compared with that of the wild-type MATE2-K, respectively ( Figure 5 ). These reduction ratios were well correlated with those of transport activities of both the MATE2-K variants (Figures 3a and b) . These findings suggested that the low transport activities of MATE1 G64D, D328A and two MATE2-K variants were due to the alteration of protein expression in cell surface membranes. Table 4 . V max values of MATE1 A310V, D328A and MATE2-K K64N were significantly decreased. K m values of MATE1 A310V and N474S were significantly increased.
DISCUSSION
MATE1 and MATE2-K function as H + /organic cation antiporters at the renal brush border membranes and play crucial roles in the renal handling of cationic drugs, such as cimetidine, metformin and oxaliplatin. 23 In this study, we identified five and two non-synonymous SNPs in their genes, all of which induced a reduction of transport activity except for MATE1 V10L. In MATE1, both the cell surface expression and transport activity of the G64D and D328A variants were significantly reduced to approximately 10 and 20% compared with that of the wild type. These findings suggest that reduced protein expression levels in the plasma membrane can account for the decrease in transport activity of MATE1 with G64D and D328A. Previously, we indicated that Cys63 of MATE1 plays an important role in substrate binding, 22 and Cys63 is the neighboring amino-acid residue of Gly64. Thus, regarding G64D, the change from the small side chain (Gly) to the bulkier and polar side chain (Asp) may inhibit the substrate binding and decrease transport activities, in addition to reduced protein expression levels in the plasma membrane.
On the other hand, N474S sustained a modest level of transport activity. The small impact of Asn474 on MATE1 function may be due to its position, in the intracellular loop between TMD12 and TMD13. Three-dimensional models of MATE1 will clarify the importance of these amino-acid residues.
In the MATE1 protein, Gly64 and Asn474 are conserved in the rat (AB248823), mouse (AAH31436) and rabbit (EF120627) orthologs, suggesting that these two amino-acid residues are essential. Ala310 of MATE1 is conserved in the rat ortholog only. The transport activity of A310V showed a decrease to approximately 20% compared with that of the wild type, though its membrane expression level was same as the wild type. Kinetic analysis indicated that K m value for MATE1 cSNP of the MATE family M Kajiwara et al A310V was significantly increased. These findings suggested that substitution of Ala for Val may inhibit the substrate binding or translocation because Ala310 was localized in the TMD. In MATE2-K protein, Lys64 and Gly211 are conserved in the rabbit ortholog (EF121852). As for two MATE2-K SNPs, the alterations in transport activity were in accordance with the alterations in the cell surface expression of MATE2-K protein, indicating that the reduced function of MATE2-K K64N and MATE2-K G211V is mainly due to the decreased expression at the plasma membrane. Actually, it was demonstrated that V max value of MATE2-K K64N was significantly decreased. These findings may provide important information to elucidate molecular mechanisms of membrane trafficking and stability of the MATE2-K protein in the plasma membrane.
There are several reports that investigated the cell surface expression level caused by coding SNPs (cSNPs) between HEK293 cells and tissues. For example, the human organic anion-transporting polypeptide 1B1 protein expression level was not changed by substitution of Leu643 to Phe in both transfected HEK293 cells and liver samples. 24 In this study, we examined the effect of cSNPs on cell surface expression level only in vitro. Our in vitro data are difficult to extrapolate to the case in vivo in renal proximal tubules; however, these data suggest that altered cell surface expression level may occur in individuals with MATE1 G64D, D328A and both the MATE2-K variants. Future studies on cell surface expression level of MATE1 and MATE2-K protein in human proximal tubules with these variants will elucidate whether in vitro data in this study are consistent with the case in vivo.
Metformin, a biguanide agent, is mainly excreted into the urine mostly through tubular secretion and shows large interindividual variation of renal clearance. 18 Recently, it has been demonstrated that SNPs of the hepatic OCT1 gene in Caucasians and renal OCT2 gene in Koreans are responsible for the interindividual differences in the therapeutic efficacy and pharmacokinetics of metformin. [15] [16] [17] On the other hand, Shikata et al. 25 reported that OCT1 and OCT2 polymorphisms contribute little to the clinical efficacy of metformin in Japanese. Previously, we demonstrated that metformin is a good substrate not only for OCT2 but also for MATE1 and MATE2-K. 19, 26 Therefore, the SNPs of MATE1 and MATE2-K genes identified in this study may be involved in the interindividual difference in the renal clearance of metformin in Japanese. However, as the allelic frequencies of MATE1 and MATE2-K SNPs are not very high, these SNPs cannot fully account for the large interindividual variation in the renal clearance of metformin.
We reported that the kidney-specific expression of OCT2 is involved in the renal distribution and accumulation of the anticancer agent cSNP of the MATE family M Kajiwara et al cisplatin. 27, 28 As there is little transport of cisplatin by MATE1 and MATE2-K, cisplatin is accumulated in the proximal tubular cells causing nephrotoxicity. A low-nephrotoxic platinum anticancer agent, oxaliplatin, was transported by OCT2 and MATE2-K, 27, 28 suggesting that oxaliplatin does not accumulate in the renal proximal tubular cells. Therefore, loss of function of MATE2-K caused by cSNPs may lead to the accumulation of oxaliplatin in the kidney and the subsequent nephrotoxicity. Future study will be needed to clarify the clinical implications of the SNPs of both genes identified in this study.
In conclusion, five non-synonymous SNPs in the MATE1 and two non-synonymous SNPs in the MATE2-K genes were identified in Japanese subjects for the first time. All of the mutated proteins except for MATE1 V10L showed a significant decrease in transport activity, and especially those of MATE1 G64D and MATE2-K G211V were completely abolished by the impairment of cell surface expression. These polymorphisms may affect the renal handling of various cationic drugs and cause drug-induced nephrotoxicity. 
